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ABSTRACT  The cell configuration-related control of a cytoskeletal protein (vimentin) expres- 
sion was examined  by varying cell  shape  between flat and spherical.  Cultivation of cells  in 
monolayer or in a spherical  configuration on poly-2-hydroxyethylmethacrylate-coated plates 
revealed a preferential down regulation of vimentin synthesis during suspension  culture. The 
mechanism(s)  regulating the decrease  in the expression  of vimentin in spherical  cells appears 
to be at the level of translation, because mRNAs extracted from  monolayer and suspension- 
cultured cells  were  equally active  in  directing vimentin  synthesis  in the  rabbit  reticulocyte 
cell-free system. When after prolonged suspension culture, the cells were allowed to reattach 
and spread,  vimentin  synthesis  recovered  rapidly to the control  monolayer rate. The phos- 
phorylation of vimentin was also reduced dramatically during suspension  culture.  However, 
unlike the rapid recovery of vimentin biosynthesis upon reattachment (<6 h), the recovery in 
the rate of vimentin phosphorylation was much slower (>20 h) and paralleled  the recovery to 
the  monolayer  growth  rate.  Although  the  control  of  vimentin  biosynthesis  in  suspension 
culture is a cell configuration-related process, the decrease  in the rate of vimentin phospho- 
rylation  in  suspension  culture appears  to  be the result  of the slower growth  rate and  may 
reflect  the  reported  correlation  between  the  rate  of  vimentin  phosphorylation  and  the 
accumulation of cells in mitosis. 
Evidence is accumulating that a wide variety of cell activities 
are modulated by cell configuration; Folkman and associates 
have postulated a central role for cell shape in growth control 
(21) and have demonstrated that cell proliferation correlates 
directly with the degree of cell spreading (22). Our studies on 
the control of macromolecular metabolism by cell  configu- 
ration (1,  2,  18) have shown that protein synthesis depends 
on the establishment of cell contact with the substrate and 
that  macromolecular  metabolism  in  the  nucleus  (DNA, 
rRNA, mRNA production) requires extensive cell spreading 
(7).  Studies in which cell shape was modulated by changing 
the composition of the extracellular matrix have revealed that 
the mitogenic response of cells also is cell shape dependent 
(23).  Hay and  Meier (24)  and  Benya and Shaffer (3)  have 
shown that differentiation to a specific phenotype depends on 
cell configuration. Ben-Ze'ev and Raz (8) have reported that 
cytokinesis is highly dependent on cell shape, whereas nuclear 
division is less sensitive to alterations in cell morphology. I 
(4) recently demonstrated that cell configuration-induced re- 
striction of growth control is a dominant phenomenon that 
cannot be overcome by infection with the DNA tumor virus 
SV40. Furthermore, the replication of DNA and RNA viruses 
is inhibited in parallel with cellular macromolecular metabo- 
lism,  when  the  infected  cell  shape  is  varied  from  flat  to 
spheroid (4). 
Recent studies of cell structure and organization have re- 
vealed the existence of a proteinaceous subcellular structural 
framework or cytoskeleton serving primarily to maintain cell 
shape  and  to determine cell  locomotion and  chromosome 
movement. Therefore, studies related to cell configuration- 
dependent  growth  control  have  been  directed  toward  the 
investigation of cytoskeletal protein gene expression (6,  13, 
20,  41).  These  studies  suggest  that  there  is  a  correlation 
between the morphological state of  the cell and the expression 
of the cytoskeletal genes. In a recent study Farmer et al. (19) 
showed that the expression of the actin genes in suspended 
and reattached fibroblasts is regulated at the levels of transla- 
tion and mRNA production. Inasmuch as significant amounts 
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and disassembled forms, whereas vimentin is by and large 
found in an assembled form (26, 39), it was of interest to me 
to  investigate the  control of vimentin biosynthesis during 
manipulations in cell configuration. 
In the present study I examined the control of vimentin 
synthesis and phosphorylation in monolayer cell cultures, in 
suspension, and in reattaching cell cultures. The results indi- 
cate that the rate of vimentin biosynthesis is selectively re- 
duced during suspension culture by a posttranscriptional con- 
trol mechanism and that upon reattachment vimentin syn- 
thesis is rapidly restored. The phosphorylation of vimentin, 
which is also greatly reduced during suspension culture, re- 
covers much more slowly after reattachment, together with 
the recovery to the monolayer growth rate. 
MATERIALS  AND  METHODS 
Cell Culture:  3T3,  BSC-I,  BI6-FI  melanoma,  and  SV101 (SV40- 
transformed 3T3 cells) cells were grown in Dulbeeco's modified Eagle's medium 
containing  10% fetal calf serum in monolayer cultures or on poly(2-hydroxy- 
ethylmethacrylate) [poly(HEMA), Hydron Laboratories, New Brunswick, NJ]- 
coated  plastic  plates as described  (7,  22). In brief, a  12%  stock  solution  of 
poly(HEMA) were prepared  in 95% ethanol,  and each plastic plate (5 cm in 
diameter) was covered with 2.5 ml of  a 10  -2 dilution of  the stock poly(HEMA). 
The plates were incubated  in a warm room at 37"C for 36--48 h to allow the 
evaporation  of the ethanol.  The cells were synchronized by incubating  them 
twice in complete medium containing  2 mM thymidine  for 16 h, with a  10-h 
release period between the thymidine  blocks (8). 
Radioactive labeling:  [35S]Methionine  was used at a concentration 
of  100  ~tCi/ml (1,250 Ci/mmol, Amersham, UK)  in  methionine-deficient 
medium and 10% dialyzed fetal calf serum. For labeling with 32PO4, 0.5 mCi/ 
ml of [32P]phosphoric  acid (200 mCi/mmol) from the Nuclear Research Centre, 
Israel, was used in phosphate-free medium containing  10% dialyzed fetal calf 
serum.  For the labeling of DNA, [3H-methfl]thymidine, 10 t~Ci/ml (36.5 Ci/ 
mmol), from the Nuclear Research Centre, Israel, was used. 
Cell Fractionation:  Triton cytoskeletons we prepared by washing the 
cells with cold phosphate-buffered  saline (PBS) and lysed in lysis buffer (0.5% 
Triton X-100,  50 mM NaP, 300 mM sucrose,  10 mM PIPES (pH 6.8) 2.5 
mM  MgCI2, and  1 mM  phenylmethylsulfonyl  fluoride  at  4"C. The  pellet 
obtained  after centrifugation  at 2,000 rpm for 2 min at 4"C was analyzed on 
SDS gels (see below). Triton cytoskeletons highly enriched  in vimentin  were 
prepared  as  follows: the  pellet  obtained  after  lysis with  Triton  X-100  was 
resuspended in 10 mM NaCI,  I0 mM HEPES (pH 7.4), and  1.5 mM MgCI2 
containing  0.5  mg/ml DNase  I and incubated  at 4"C for 15  min. KC1 was 
added to a final concentration  of 0.6 M, and the pellet obtained after centrifu- 
gation for 5 min at 2,000 rpm at 4"C was used for further analysis. In some 
cases (see Table I) the DNase and high-salt step was omitted. 
In  Vitro  Translation:  Cells  from monolayer or suspension  cultures 
were washed with PBS and scraped into a solution containing  6 M urea, 3 M 
LiC1, 0. I% SDS, and 10 mM sodium acetate (pH 5.0). After homogenization, 
the lysate was kept overnight on ice, and the RNA was sedimented at 10,000 
rpm for 30 rain at  4"C in a  Sorvall centrifuge (DuPont lnstrnments-Sorvall 
Biomedical Div., DuPont Co., Newtown, CT). The pellet was resuspended in 
SDS buffer (0.5% SDS,  100 mM NaC1, 1 mM EDTA,  10 mM Tris, pH 7.4) 
and extracted  with phenol  chloroform  and chloroform  isoamyl alcohol.  The 
RNA was precipitated twice in ethanol at -20"C, and poly(A)-containing RNA 
was prepared by oligo-(dT)-cellulose chromatography  as described (18). Equal 
amounts of poly(A)-containing RNA were translated  in a rabbit  reticulocyte 
cell-free system as described (18). 
Gel  Electrophoresis:  SDS  polyacrylamide  gel  eleetrophoresis  was 
performed in 7-17% polyacrylamide gel gradients by the Laemmli system (42). 
Two-dimensional  isoelectric and SDS acrylamide gel analysis was performed 
with 2% ampholines (1.6%, pH 5-7;  0.4%, pH 3-10)  in the first dimension 
and 10% acrylamide gels in the second as described (18, 32). 
Immune Precipitation:  Rabbit antivimentin  antibody, the generous 
gift of Dr. Richard Hynes (Massachusetts Institute of Technology, Cambridge, 
MA), was used in the immune precipitations.  The cell lysates were brought to 
l0 mM NaH2PO4, 100 mM NaCI, 1% Triton X-100, 0.5% sodium deoxycho- 
late, 0.1% SDS and preincubated  for 1 h with 50 #1 of Staphylococcus aureus 
(The Enzyme Center, Boston, MA). The lysate was clarified at 40,00 rpm for 1 
h at 4"C. An equal amount of  the radioactive protein supernatant was incubated 
with 5 ~1 of antivimentin  antibody  or nonimmune serum at 4"C overnight. 
The antigen-antibody  complexes were collected by centrifugation  after incu- 
bation for 1 h at 4"C with 50 t~l ofS. aureus  as described (27). 
Changes in Vimentin Synthesis in Monolayer, 
Suspension, and Reattaching Cells 
Cells  were seeded on  poly(HEMA)-coated plastic dishes 
with reduced adhesiveness to maintain a spheroid cell shape 
as demonstrated previously (7, 22). B 16 melanoma cells were 
chosen because they are anchorage independent for growth 
(8)  and can  proliferate in  monolayer or in  suspension  on 
poly(HEMA)-coated plates,  although  at  different  rates,  as 
shown in Fig.  1A.  In monolayer culture these cells have a 
fibroblastic  morphology (Fig.  1  B),  but  during  suspension 
culture the  spheroid cells  form loosely attached  aggregates 
(Fig.  l, C and D) that can easily be dispersed by pipettation, 
and the cells, when replated on control plastic plates, resume 
the monolayer growth rate after 16-20 h. Fig.  2 shows the 
biosynthetically  labeled  protein  pattern  of  B16  cells  in 
monolayer (Fig.  2A),  after  3  d  of suspension  culture  on 
poly(HEMA)-coated plates (Fig. 2B), and after 6 h (Fig. 2 C) 
and 24 h (Fig. 2D) of replating. The cells were pulse-labeled 
for 1 h with [35S]methionine,  and equal amounts of trichlo- 
roacetic acid-precipitable radioactive total cell proteins were 
analysed on SDS acrylamide gels.  Such analyses allow the 
determination of the rate of synthesis of a  specific  protein 
relative to total cell protein. The results shown in Fig.  2 B 
show that the rate of vimentin synthesis is reduced signifi- 
cantly during suspension culture as compared with its rate of 
synthesis in  monolayer culture (Fig.  2A).  This decrease in 
vimentin expression is not the result of the rapid degradation 
of newly synthesized vimentin, because similar results were 
obtained in pulse-chase experiments in which cells were la- 
beled  for  10  min  and  chased  for 60  min  with  unlabeled 
methionine (results not shown). The reduction in the rate of 
vimentin synthesis is gradually reversed (completed in ~6 h) 
when the cells are allowed to reattach to control plastic plates, 
and similar rates of vimentin synthesis were obtained after 6 
h (Fig. 2 C) or 24 h (Fig. 2D) of reattachment. To compare 
the mass of vimentin to its rate of synthesis, Triton cytoske- 
35  letons were prepared from [  S]  methionine-labeled monolayer 
(Fig. 2E), suspension-grown cells (Fig. 2F), and Bl6 mela- 
noma cells (Fig. 2 G) after 6 h of replating, because vimentin 
has been shown to be highly insoluble under these extraction 
conditions (6, 26), and equal amounts of radioactive proteins 
were  analyzed  on  two-dimensional  isoelectrofocusing and 
SDS gels. The gels were stained with Coomassie blue (Fig. 2, 
E'-G') and then autoradiography was performed on the same 
gels (Fig.  2, E-G). Although the rate of vimentin synthesis 
was reduced in suspension culture (cf. Fig. 2, E  and F), the 
mass of nonradioactive vimentin in suspended cells was com- 
parable to its amount in monolayer culture (Fig, 2, E' and 
F'). Immunofluorescence revealed similar amounts ofvimen- 
tin in monolayer, suspended, and replated cells (results not 
shown). These results suggest that the total amount of vimen- 
tin is kept constant, probably by stabilization against turnover 
during suspension culture. In addition to the prominent re- 
duction in the rate of vimentin biosynthesis during suspension 
culture, there also was  some reduction in the rate of actin 
synthesis (cf. Fig 2, A and B), in agreement with our recent 
study with 3T3 cells (see reference 19 and below). 
The decrease in the biosynthesis of vimentin during suspen- 
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FIGURE  1  The  morphology  and  growth 
rate of 816  melanoma cells  in  monolayer 
and in suspension culture. 5 x  103 cells were 
seeded in multiwell Falcon (3008) plates on 
plastic (O) or on poly(HEMA)-coated  wells 
(0). Cell number was determined by remov- 
ing the cells in 2 mM EDTA  and counting in 
a Coulter counter (Coulter Electronics Inc., 
Hialeah, EL) (A). Cell morphology is shown 
in monolayer (B) after I  d (C) and after 3 d 
(D) in poly(HEMA)-coated  wells, x  250. 
sion culture is not cell-type specific.  We observed a  similar 
phenomenon in 3T3 cells, as is shown in Fig. 3, lanes A-D. 
In lane A, the [35S]methionine-labeled  proteins from mono- 
layer 3T3 cells are shown; in lane B the proteins from 3T3 
cells after 3 d of suspension culture, and in lanes C and D the 
[35S]methionine-labeled  protein pattern of 3T3 cells obtained 
after 3 d in suspension culture and 4 (lane C) and 8 h (lane 
D) after replating are shown.  The cells were labeled for 60 
min, and equal amounts of TCA-preeipitable proteins were 
analyzed. The reversible cell conformation-related decrease 
in the rate of vimentin synthesis is also evident in the two- 
dimensional gel analyses of Triton cytoskeletons (Fig. 3, lanes 
E  and F), in addition to the reduction in the rate of actin 
synthesis as reported recently (19). 
The cell shape-dependent modulation in vimentin biosyn- 
thesis was also obtained in the monkey kidney cell line BSC- 
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1 (Fig. 3, lanes G and H) and in SV40-transformed 3T3 cells 
(SV 101) (not shown), and to a lesser extent in ClIO cells that 
grow  equally  well  in  suspension  and  in  monolayer  (not 
shown). 
Gradual Reduction in Vimentin Synthesis during 
Suspension Culture 
Whereas in the anchorage-dependent 3T3 ceils in suspen- 
sion culture the rate of protein synthesis is reduced to 10% of 
the monolayer level, B16 melanoma cells in suspension con- 
tinue to synthesize proteins at rates similar to the monolayer 
rate (8). Fig. 4 shows that the reduction in the level of  vimentin 
biosynthesis is gradual in B 16 melanoma cells during suspen- 
sion culture. Equal amounts of radiolabeled proteins from 
monolayer  cultures (Fig. 4a) or from suspension cultures after FIGURE 2  Reversible  down  regulation of  vimentin  biosynthesis 
during suspension culture of B16 cells.  B16 melanoma cells were 
labeled with  [3SS]methionine for 60 rain  in monolayer (A and E), 
after 3 d in suspension culture (B and F), and after 6 (C and G) and 
24 h (D) of reattachment.  Equal amounts of TCA-precipitable total 
cell proteins were analyzed on 7-17% SDS acrylamide gels (A-D), 
on Triton cytoskeletons  were run  on two-dimensional gels. The 
autoradiograms (E-G) or the Coomassie blue (E'-G')  protein pat- 
terns are shown (a, actin; v, vimentin). 
The rates  of DNA  synthesis  (Fig.  5 B)  and  the  pattern  of 
proteins (Fig.  5A) synthesized were followed for 10 h  after 
removal of the second thymidine block. Fig.  5 B shows that 
the cells  rapidly enter the S phase and that DNA synthesis 
peaks at ~4-5 h after removal of  the second thymidine block. 
The protein pattern obtained from an identical number of 
cells labeled with [35S]methionine  (Fig.  5A) shows a correla- 
tion between the increase in the rate of DNA synthesis and 
histone  synthesis,  as  expected (43).  The  rate  of vimentin 
synthesis remains relatively  constant during the cell cycle (Fig. 
5A).  Because proteins from an equal number of cells were 
analyzed in each lane, rather than equal amounts of TCA- 
precipitable radioactive proteins, it is reasonable to conclude 
that the cell shape-related decrease in the rate of vimentin 
synthesis is not a result of  accumulation of  cells in a particular 
phase of the cell cycle. 
FIGURE 3  Modulation of vimentin biosynthesis by cell configura- 
tion  in  3T3  and  BSC-1 cells.  3T3  cells  were  labeled with  [3sS]- 
methionine for 60 rain in monolayer (A and E), after 3 d in suspen- 
sion (B and F), and after 4 (C) and 8 h (D) of reattachment.  BSC-1 
cells were labeled for 60 min with [35S]methionine in monolayer 
(G) and after 3 d in suspension culture (H). Equal amounts of TCA- 
precipitable radioactive proteins were analyzed on 10% acrylamide 
gels (A-D) or by two-dimensional  gel electrophoresis  (E-H) (a, actin; 
v, vimentin). 
1 (Fig. 4b), 2 (Fig. 4c), or 3 d (Fig. 4d) in suspension, or after 
6  h  (Fig.  4e),  and  24  h  (Fig.  4f)  of reattachment  were 
immunoprecipitated with an antiserum against vimentin. The 
rate of synthesis if vimentin is reduced gradually and after 3 
d in suspension culture (Fig. 4 d) it reached a low level (--- 15 % 
of the  monolayer rate,  Fig.  4B) that did not change after 
longer periods of incubation in suspension culture (results not 
shown). The recovery to the monolayer rate was rapid, and 
after 6 h  of replating an almost complete recovery rate was 
observed. Because B 16 melanoma cells grow more slowly in 
suspension culture (Fig.  1  A) and because 3T3 cells have been 
shown  to  be  arrested  in  GI  during  suspension  (33),  it  is 
possible that the reduction in the rate of vimentin synthesis 
during suspension culture is the result of a cell cycle-related 
phenomenon. To investigate this  possibility,  I  used  BSC-I 
cells  because  they  display  the  cell  shape-dependent down 
regulation of vimentin synthesis (Fig.  3, G and H) and can 
easily be synchronized. BSC- 1 cells were synchronized by the 
double thymidine block (8) and then released into the S phase. 
FIGURE 4  Gradual decrease in vimentin biosynthesis in suspension 
culture in B16 melanoma cells. (A) B16 melanoma cells from mono- 
layer (a and a'), after 1 (b and b'), 2 (c and c') and 3 d (d and d') in 
suspension culture, and after 6  (e and e') and 24  h  (f and f')  of 
replating were labeled with [3SS]methionine for 2 h. Equal amounts 
of TCA-precipitable radioactive proteins were used for  immune 
precipitation with antivimentin antibody (a-f) or with nonimmune 
serum (a'-f'). M, 14C-methylated molecular  weight markers: myosin, 
phosphorylase b, bovine serum albumin, ovalbumin, and lactoglob- 
ulin A. (B) Planimetrical  determination of the amount of vimentin 
in the gels shown in A. The arrow indicates the time of reattachment 
to control plastic. 
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scriptional control mechanism. 
Phosphorylation of Vimentin as a Function of Cell 
Shape and Cell Cycle 
Vimentin is known as a phosphoprotein (12, 31), and most 
recent studies have shown an increase in the rate of phospho- 
rylation of vimentin during mitosis (10,  17, 40) and during 
hormonal stimulation (14). 
I have analyzed the level of vimentin phosphorylation in 
monolayer, suspended, and reattaching cells, and the results 
are shown in Fig. 7. Vimentin phosphorylation was assayed 
by labeling an equal number of cells for 2 h with 32PO4, and 
the  Triton  cytoskeletons prepared  from each  sample  were 
subjected to  two-dimensional gel  electrophoresis.  The gels 
were stained with Coomassie blue and then exposed to x-ray 
films at 4"C. The rate of vimentin phosphorylation is signifi- 
cantly reduced after 3 d in suspension culture (Fig. 7, lane a), 
but,  unlike  the  rate  of vimentin biosynthesis,  the  level  of 
phosphorylation did not recover to the monolayer level (Fig. 
7, lane d) after 8 h of replating (Fig. 7, lane b). Only after 24 
h of replating (Fig.  7, lane c) did vimentin phosphorylation 
recover from the low suspension rate. The Coomassie blue 
staining pattern (Fig. 7, lanes a'-d') gives an estimate of the 
mass of total vimentin in each sample. The decreased rate of 
vimentin phosphorylation might result from a difference in 
the rate of phosphate uptake and its use in the cell. Therefore, 
FIGURe 5  Vimentin biosynthesis is cell cycle independent. BSC-1 
cells were synchronized by a double (16-h) thymidine block with a 
10-h release between the thymidine blocks. After release from the 
second  thymidine block,  5  x  10  s cells  were  labeled with  [3sS]- 
methionine for 1-h periods (A), and total cell protein was analyzed 
on 7-17% gradient acrylamide SDS gels, or the cells were labeled 
with 10/~Ci/ml [~H]thymidine for 1 h (B),  and the TCA-precipitable 
radioactivity in  I0  s cells was determined. (v, vimentin; a, actin; h, 
histones). 
Posttranscriptional Control of Vimentin Synthesis 
during Suspension Culture 
To  investigate the  level  at  which  the  expression  of the 
vimentin gene is regulated during suspension culture, poly(A)- 
containing RNA was isolated from monolayer cultures and 
3-d suspension cultures of B 16 melanoma cells, and the RNA 
was translated in the cell-free system of the rabbit reticulo- 
cytes. Equal amounts of trichloroacetic acid-precipitable ra- 
dioactive proteins were analyzed on SDS gels before (Fig. 6, 
A and H) or after immunoprecipitation with antivimentin 
antibody (Fig.  6, D  and/7).  The results shown in Fig.  6, D 
and  F  indicate that  the activity of the  mRNA  coding for 
vimentin  synthesis  remains  unchanged  during  suspension 
culture, because similar amounts of  radioactive vimentin were 
synthesized in the cell-free system, as shown also by the two- 
dimensional gel analysis (Fig. 6, H and I). Thus, the reduction 
in the rate of vimentin biosynthesis when cell shape is varied 
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FIGURE 6  In vitro translation  of mRNA from monolayer and sus- 
pended B16 melanoma cells. Poly(A)-containing  RNA from mono- 
layer and  suspended  cells was prepared and translated  in a cell- 
free  reticulocyte lysate  as  described  in  Materials  and  Methods. 
Equal amounts of TCA-precipitable in vitro synthesized  proteins 
with mRNA from monolayer (A, D, E, H) and from 3-d suspended 
cells (B, F, C, I) were analyzed on 7-17% gradient acrylamide SDS 
gels before (A, B) or after immunoprecipitation with antivimentin 
antibody (D, F) and nonimmune serum (E, G) or by two-dimensional 
gel electrophoresis (H, I). C, control, endogenous translation  prod- 
uct; M, ~4C-methylated protein molecular weight markers as shown 
in Fig. 4. v, vimentin; a, actin. FIGURE 7  Decrease  in the level of 
vimentin phosphorylation  during sus- 
pension culture. An equal number of 
B16 melanoma cells grown in mono- 
layer (d and d'),  in suspension for 3 
d (a and a'}, or after 8 (b and b') and 
20 h (c and c') of replating after sus- 
pension culture were labeled for 2 h 
with  0.5  mCi/ml  H332PO4, and  vi- 
mentin-enriched  Triton  cytoskele- 
tons were prepared as described in 
Materials  and  Methods.  The  gels 
were stained  with  Coomassie  blue 
(a'-d')  and  then  exposed to  x-ray 
films  at  4°C  (a-d).  v,  vimentin;  a, 
actin. 
TABLE  I 
Phosphate and Methionine Incorporation into Macromolecules 
in Monolayer and Suspended Cells 
[3SS]Me- 
Culture Conditions  thionine  H332po4 
cpm  cpm 
Monolayer  155,034  305,655 
Suspension for 3 d  18,350  278,916 
6 h of replating following 3 d of suspen-  110,269  346,774 
sion 
B-16 melanoma cells grown in monolayer, in suspension for 3 d, and after 6 
h of replating were labeled for 2  h with  [3SS]methionine  or H3~2po4. Triton 
cytoskeletons enriched in vimentin  were prepared from  each  preparation, 
except that the  DNase and  high-salt step was  omitted  with  the  H3a2po4  - 
labeled cells to allow determination of phosphate incorporation into  DNA 
and RNA. The incorporation into TCA-precipitable material was determined 
in 5 x  10'* cells. 
I measured the TCA-precipitable phosphate incorporated into 
macromolecules (DNA,  RNA, and protein) in Triton cyto- 
skeletons and  compared that  to the  incorporation of [3sS] 
methionine into  preparations  highly enriched in  vimentin 
(Triton cytoskeleton treated with DNase and high salt) from 
an equal number of monolayer, suspended, and reattaching 
cells. The results shown in Table I deafly demonstrate that 
whereas  the  rate  of incorporation  of [35S]methionine  into 
vimentin-enriched cytoskeletons was reversibly reduced dur- 
ing suspension, the rate of incorporation of radioactive phos- 
phate into TCA-precipitable macromolecules was not altered 
during suspension culture. This implies that the low rate of 
vimentin phosphorylation during suspension culture is not a 
result of altered phosphate uptake or incorporation into mac- 
romolecules. 
Because the  rate  of vimentin  phosphorylation does  not 
recover in parallel with the recovery of the rate of vimentin 
biosynthesis but rather recovers in parallel with the recovery 
of the rate of DNA synthesis to the monolayer growth rate 
(>20 h after replating, results not shown), I analyzed the rate 
of  vimentin phosphorylation during the cell cycle. BSC- l cells, 
which react with a preferential decrease in the rate ofvimentin 
biosynthesis during suspension culture (see Fig. 3, G and H), 
were synchronized by the double thymidine block (see Fig. 
5). Equal numbers of cells were labeled with 32PO4 for 2 h in 
G~ before removal of the second thymidine block (Fig. 8A), 
during mid-S phase, between 3 and 5 h after removal of the 
thymidine block (Fig. 8 B), and in late S phase, between 8 and 
l0 h after removal of the thymidine block (Fig. 8 C). Triton 
cytoskeletons were  prepared  and  a.nalyzed  by  two-dimen- 
sional gel electrophoresis. The data in Fig.  8 clearly show a 
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great increase in the rate of vimentin phosphorylation in late 
S phase (Fig.  8 C), when a significant number of cells are in 
mitosis. An additional protein (X) with a molecular weight of 
about 115,000 is also phosphorylated in parallel with vimen- 
tin. The Coomassie blue pattern (Fig.  8, A '-C') of the gels 
shows a preferential proteolysis of vimentin in mid- and lare- 
S phases (Fig. 8, B' and C') as compared with G~ phase (Fig. 
8A'),  but only the  main  vimentin spot is  phosphorylated. 
These results suggest that the lower rate of vimentin phospho- 
rylation observed in  suspended  cells,  which  recovers after 
reattachment and spreading in parallel with the recovery to 
the monolayer growth rate, may be related to the extended 
cell cycle in cells during suspension culture. 
DISCUSSION 
In this paper I report on the cell configuration-related control 
of the biosynthesis and phosphorylation of a major cytoskel- 
etal protein, vimentin. Studies with whole-cell extracts or with 
Triton cytoskeletons prepared under gentle extraction condi- 
tions indicate that relatively large pools of disassembled (or 
unpolymerized) precursors for actin cables and microtubules 
are found in the cell (16,  35). In contrast, intermediate fila- 
ments are insoluble under these conditions (26), and various 
studies (39, 42)  have shown  that  vimentin-containing fila- 
ments cannot be solubilized under conditions that completely 
depolymerize microfilaments and microtubules. 
Although  during  certain  alterations  in  cell  morphology 
accompanied by changes in the organization of the cytoske- 
leton the cells react by changing the balance between unpo- 
lymerized and polymerized cytoskeletal proteins or by chang- 
ing their intraceUular location (36, 37), during other morpho- 
logical  changes the  cells  appear to  react by regulating the 
expression of the cytoskeletal gene proteins (6,  13, 41). 
Because vimentin-containing filaments are highly insoluble 
under most conditions and because in the cell there appears 
to be no reservoir of unpolymerized vimentin, the recently 
described temporary phosphorylation of vimentin during mi- 
tosis (10,  17, 40) has been interpreted as being necessary for 
the altered organization of the intermediate filaments during 
mitosis (9, 46). 
The present study shows that the control of vimentin bio- 
synthesis is related to cell configuration and that the mecha- 
nism controlling the vimentin gene expression in response to 
altered cell configuration appears to be posttranscriptional. 
The dramatic alterations in cell morphology introduced by 
suspension culture initiate a large and preferential decrease in 
the rate of vimentin biosynthesis as compared with other cell 
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vimentin biosynthesis because they are anchorage independ- 
ent and can proliferate both in suspension and in monolayer 
cultures. BSC- 1 cells were used in the synchronization studies 
because they can be synchronized easily by the double thy- 
midine block. A decrease in the rate of vimentin synthesis is 
common to a variety of  cell types (3T3, BSC- 1, SV 3T3, BI6). 
Recent  studies  with  mouse  fibroblast  variants  of the  3T3 
series expressing a  continuum  of decreased growth  control 
demonstrated a progressive loss of cell shape-responsive met- 
abolic controls (38, 44) in which the anchorage-independent 
cells were the least sensitive to alterations in cell morphology. 
It is possible, therefore,  that  in  the  anchorage-independent 
B 16 melanoma cells 3 d  in  suspension culture are required 
before the  maximum effect on  vimentin  synthesis is  seen, 
whereas the periods of suspension culture required in  more 
rigorously controlled cell lines may be shorter. 
The decrease in the rate of vimentin synthesis during sus- 
pension  culture described in  this paper appears to be con- 
trolled at the level of  translation, because the mRNA activities 
for vimentin synthesis measured in monolayer and suspensio~'l 
cultures and  assayed in  a  cell-free system are  very similar. 
This is somewhat different from the regulation of actin syn- 
thesis in suspended and reattaching 3T3 fibroblasts. In these 
cells,  using a  cDNA clone, we found a preferential decrease 
in  actin  synthesis during suspension culture at the  level of 
translation and a great preferential increase in actin synthesis 
during reattachment as a result of increased levels of translat- 
able mRNA sequences in the cytoplasm (19). A cDNA clone 
for vimentin recently obtained by Dodemont et al. (15) will 
soon be available, and it will enable a more accurate quanti- 
tation  of the  levels of vimentin  mRNA  in  suspended  and 
reattaching cells. 
Recent studies (17,  40) have demonstrated that the accu- 
mulation of phosphorylated vimentin in cells correlates with 
the  accumulation  of cells  in  mitosis.  In  these  studies  the 
increased rate of phosphorylation of vimentin during mitosis 
was not altered by dibutyryl cyclic AMP or vanadate (12,  17), 
suggesting that changes in cyclic AMP levels are probably not 
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FiGure 8  Cell cycle-related phos- 
phorylation  of  vimentin.  BSC-1 
cells  were  synchronized by  the 
double thymidine block as out- 
lined in the legend to Fig. 5. Equal 
numbers of cells were labeled for 
2 h at the end of the second thy- 
midine block (cells in G1) (A and 
A'),  between 3 and  5 h after re- 
moval  of  the  thymidine  block 
(cells in mid-S) (B and B'),  or be- 
tween 8 and  10 h after removal 
of the thymidine block  (cells  in 
late S) (C and C'). The vimentin- 
enriched  Triton  cytoskeletons 
were  analyzed  by  two-dimen- 
sional  gel  electrophoresis  as 
shown in  Fig. 7. A-C are the au- 
toradiograms  and A'-C'  are the 
Coomassie  blue  patterns,  v,  vi- 
mentin; a, actin; X, unknown pro- 
tein,  M,  molecular  weight 
markers:  fibronectin,  ~-galacto- 
sidase, phosphorylase  b,  bovine 
serum albumin, and ovalbumin. 
involved in the alterations in vimentin phosphorylation. The 
decrease in the rate of vimentin phosphorylation observed in 
suspension culture most probably is related to the extended 
cell cycle of cells in suspension. This change in the cell cycle 
results in a decrease in the number of cells undergoing mitosis 
per unit  of time.  In addition,  unlike  the  rapid recovery of 
vimentin biosynthesis upon reattachment (<6h), the recovery 
in the rate of vimentin phosphorylation is slow (>20h) and 
parallels the  recovery of the  rate  of DNA  synthesis to  the 
control monolayer rate. Thus, my fnding of the cell shape- 
related alterations in vimentin phosphorylation may support 
the  possibility that  vimentin  phosphorylation is  a  control 
mechanism by which  intermediate filament organization  is 
altered during mitosis (9, 46).  It is also possible that both the 
down  regulation  of vimentin  biosynthesis and  part  of the 
decrease in the rate of vimentin phosphorylation are the result 
of the alterations in cell shape or that phosphorylated vimen- 
tin is preferentially degraded in suspension. 
The  close relationships  between  the  cell  cytoarchitecture 
and the control of the expression of the cytoskeletal protein 
genes described in this and other papers (6,  13,  19,  20,  4 l) 
are more than obvious regulatory mechanisms. Because in- 
termediate filaments play a central role in the organization of 
the  cytoplasm (for  reviews see  references 29  and  30)  and 
because cytoskeletal elements may interact  directly and/or 
indirectly with the cell surface (5, 45), these studies may have 
implications for the proposed relationship between cell con- 
figuration and growth control (4, 7, 22,  34). 
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